ABSTRACT Recent research has clarified the sequence of ground deformation mechanisms that manifest themselves when excavations are made in soft ground. Furthermore, a new framework to describe the deformability of clays in the working stress range has been devised using a large database of previously published soil tests. This paper aims to capitalize on these advances, by analyzing an expanded database of ground movements associated with braced excavations in Shanghai. It is shown that conventional design charts fail to take account either of the characteristics of soil deformability or the relevant deformation mechanisms, and therefore introduce significant scatter. A new method of presentation is found which provides a set of design charts that clarify the influence of soil deformability, wall stiffness, and the geometry of the excavation in relation to the depth of soft ground.
Introduction
As the world population continues to increase, the major cities across the globe are increasingly turning to the construction of underground metro systems and subways to relieve congested terrestrial road networks. Shanghai is one of China's largest municipalities with a population of over 23 million people (National Bureau of Statistics of China, 2012 China, : 2010 . The rate of construction in Shanghai has allowed the accumulation of considerable field evidence from deep excavation works as exemplified by the comprehensive database presented in the thesis of Xu [1] . Published case studies of monitored excavations in Shanghai include Wang et al. [2] , Tan and Li [3] and Ng et al. [4] . Numerical studies back-analyzing excavations in Shanghai include Hou et al. [5] . This paper offers an extension and refinement of some of the ideas presented by Bolton et al. [6] at a keynote lecture to the DFI conference in London in 2010. Further details of some of the main calculation procedures are given in Lam & Bolton [7] .
Studies at the University of Cambridge on deep excavations and their influence on nearby buildings have included field monitoring, centrifuge tests and theoretical models (e.g., St John [8]; Powrie [9]; Elshafie [10]; Goh [11] ). Although field data are authoritative on the particular sites that are monitored, theory is also significant where it can assist in the comparison of data from different sites, so as to draw more general lessons. This paper presents field data within the Mobilizable Strength Design (MSD) framework developed at the University of Cambridge. This is used to create dimensionless groups of measurable parameters pertinent to the important wall-bulging mechanism, habitually observed in deep excavations below the level of the props. This enables the construction of charts to compare retaining wall deformations and ground movements which have been observed around deep excavations in Shanghai, as reported by Xu [1] . The deterministic use of mechanisms that have been observed to control limit state events is a more reliable route towards good geotechnical design than attempting some statistical inference based on the assumed variation of parameter values but in the absence of any confirmation that the assumed mechanical system is relevant to the case in hand [12] . Early centrifuge tests on model cantilever walls in firm to stiff clay showed the promise of linking the stress-strain states observed in element tests to equivalent states of overall equilibrium and strain mobilized around geotechnical structures: Bolton and Powrie [13] . A central feature of this new approach was the joint use of a simplified equilibrium stress field in conjunction with a simplified but kinematically admissible deformation field that was compatible with structural constraints (rigid body rotation). This was reasonably successful in reproducing the wall rotations observed during simulated excavation in the centrifuge models. This first application of what has become known as Mobilizable Strength Design (MSD) was quickly adopted into UK practice. BS8002 [14] defined the Mobilization Factor (M) as the ratio between shear strength and the current shear stress, which is equivalent to a factor of safety on undrained shear strength (represented as Eq. (1)).
Bolton [15] contended that the partial factors in limit state design calculations for collapse are in reality achieving a high M factor on c u which limits the deformations under working loads in the field. This is similar to the "stress-reduction factor" discussed in Simpson et al. [16] . MSD seeks to provide a simplified method to design geotechnical structures directly for the serviceability limit state (SLS) which will generally govern the success of the design. The non-linear stress-strain relationship of soil is then seen to be integral to a correct understanding of soil deformations and ground displacements [17, 18] .
The possible use of MSD for flexible structures was first considered by Osman and Bolton [19] in the context of cantilever walls retaining clay. They compared MSD calculations based on rigid wall rotations with Finite Element Analysis (FEA) that fully accounted for typical soil non-linearity and the flexure of walls with typical stiffnesses. Since displacements within the assumed deformation mechanism are controlled by the average soil stiffness, MSD calculations were based on soil stressstrain data from an undisturbed sample taken at the midheight of the wall. The objective was to consider the degree to which the mechanisms described in Bolton & Powrie [13, 20] could be expected to satisfy serviceability and collapse criteria for a real cantilever retaining structure, through a single calculation procedure. Importantly, a wall designed using MSD earth pressures, calculated assuming wall rigidity, will not collapse if the wall yields, provided that it remains ductile. Furthermore, MSD calculations [19] of wall bending moments and crest deflections showed reasonable agreement with FEA (generally within a factor of 1.5 and 2 respectively). MSD was therefore felt to be an improvement on previous retaining wall design methods based on arbitrary safety factors even though its calculations were, at that stage, based on the assumption of wall rigidity. MSD was later extended to consider wall flexure explicitly through the use of the principle of conservation of energy applied to an assumed geo-structural deformation mechanism: Osman & Bolton [21] , Lam & Bolton [7] and Lam et al. [22] . Both field monitoring and centrifuge model observations were helpful in determining suitable mechanisms.
Mechanisms observed in centrifuge tests
The Cambridge Geotechnical Centrifuge [23] has been used to investigate geotechnical mechanisms for 40 years now. Centrifuge testing is a well-established experimental 
